C ardiovascular disease leading to heart failure is the most common and costly cause of death and disability in the modern world. The adult mammalian heart responds to biomechanical stress and injury with fibrosis. Cardiac fibrosis could have several cellular inputs: (1) preexisting interstitial fibroblasts, (2) circulating fibrocytes, (3) fibroblast progenitors arising by endothelial-mesenchymal transition of endocardial or microvascular coronary endothelial cells, or (4) fibroblast progenitors arising by epithelial-mesenchymal transition (EMT) of epicardial mesothelial cells. [1] [2] [3] Recently, there has been keen focus on the epicardium as a candidate source of adult heart repair fibroblasts and other cells.
The origin of the epicardium from the proepicardial organ and its essential role in cardiovascular development have been elegantly elucidated. However, until recently, the biology of the adult epicardium has been largely ignored. Traditionally viewed as a fibrous mesothelial covering, mechanically insulating and lubricating the outer surface of the heart muscle, the adult epicardium is now believed to have a more complex and active role in myocardial homeostasis and repair. The epicardium is a common residence for advanced metastatic cancers and infectious, inflammatory, and rheumatologic diseases; a host for (and possibly source of) unique epicardial adipose tissue; and, most importantly, a potential cardiac stem/progenitor cell niche. 4 Interestingly, recent electron and immunofluorescence microscopy studies identified at least 10 distinct cell types, including putative early cardiomyocyte precursors, in specialized niche-like structures in adult epicardium. 5, 6 When "activated" by injury, the epicardium develops organ-wide thickening, with increased cellularity and extracellular matrix, and complex regional topography. New investigative tools and approaches are needed to explore the structure and function of this unique and clinically important tissue microenvironment.
One of the key unanswered questions in the field is whether adult epicardium is a birthplace of newly born cardiomyocytes. 5, [7] [8] [9] [10] Recent fate-mapping studies have provided genetic evidence that new cardiomyocytes are produced in the adult mammalian heart following myocardial injury. 11 The origin of these cells remains unknown. The regenerative capacity of the adult mammalian heart is poor, yet this organ is richly endowed with a variety of molecularly distinct native progenitor cell subtypes. 12 To successfully engineer adult myocardial regeneration, we need to find common threads that link these various progenitor cell subpopulations together and identify mechanisms that control progenitor fate decisions in microenvironments like the epicardium. Signaling pathways like Notch, a key regulator of cardiovascular cell fate decisions, is one of the most important mechanisms.
The Notch signaling pathway plays a crucial role in cardiac development, 13 regulating growth and differentiation in all major cardiovascular cell lineages. 14 After birth, Notch pathway signaling is crucial for postnatal cardiomyogenesis, and pharmacological disruption of Notch signaling leads to dilated cardiomyopathy in newborn mice. 15 In adult animals, the Notch pathway regulates heart regeneration in zebrafish 16 and has been implicated in the injury repair response of the mammalian heart. 17, 18 Here, we report on studies of the transgenic Notch reporter (TNR) mouse heart, a unique model providing a functional signature of Notch pathway activation. 19, 20 All previous studies of Notch in the heart have relied on Notch-1 intracellular domain (NICD1) antibody staining, which demonstrates Notch-1 receptor cleavage at the cell surface but not Notch pathway activity at the genome. The CBF1RE x4 -EGFP transgene, however, reports downstream activity at the level of Notch target genes and is inclusive of other Notch receptor isoforms (2 and 3). 19 We hypothesized that Notch activity in TNR mice might provide a highly stringent experimental tag to identify and localize native progenitor-like cell populations, to isolate them for mechanistic studies in vitro, and, most importantly, to evaluate their function in the adult heart's tissue repair response following myocardial injury.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Adult TNR mouse hearts were perfused retrograde via the aorta for 5 minutes with ADS buffer (116 mmol/L NaCl, 20 mmol/L HEPES, 10 mmol/L NaH 2 PO 4 , 5.5 mmol/L glucose, 5 mmol/L KCl, 0.8 mmol/L MgSO 4 , pH 7.4) followed by digestion with 20 mL of 0.225 mg/mL Liberase Blenzyme-1 (Roche) in ADS buffer supplemented with 12.5 mol/L CaCl 2 for 20 minutes at 37°C. Outflow tract and atria were removed and tissues gently pulled apart. Following gentle trituration, the Liberase was inactivated with 10% CM media (10% Hyclone FBS, 3:1 DMEM/M-199, 1% 1 mol/L HEPES, 1.2% antibiotic/antimycotic), and the suspension was sequentially filtered through tissue strainers. Cells were collected by centrifugation (400g for 5 minutes) and resuspended in 10% CM media. Cells were stained for 20 minutes on ice with phycoerythrinconjugated anti-CD31 and anti-CD45 antibodies (BD Bioscience Pharmingen). After washing with PBS, the cells were resuspended in 10% CM media, filtered and analyzed and/or sorted with a MoFlo flow cytometer (Cytomation Inc) using Summit software. A fraction of each sample was collected into PBS for postsort assessment of purity. For transcript analysis, EGFP ϩ /CD45 Ϫ /CD31 Ϫ cells were sorted directly into TRIzol for RNA extraction. For cell culture, 5K cells were collected in 10% CM media and plated on gelatin-coated 24-well dishes, and the media were changed every 3 days. After several weeks in culture cells, proliferating cells were passaged and cloned by serial dilution. Cultures were passaged every third day and have been maintained indefinitely.
Results

Localization and Isolation of Adult Notch-Activated Epicardial-Derived Cells
We evaluated CBF1RE x4 -EGFP transgene activity in histological sections of adult TNR mouse hearts, comparing control and left anterior descending myocardial infarction (LAD-MI) or thoracic aortic banding (TAB) at day 7 after injury. In accordance with previous studies, we detected enhanced green fluorescent protein-positive (EGFP ϩ ) endothelial and interstitial cells (Online Figure I) , but, quite unexpectedly, we also observed strongly localized epicardial signals ( Figure 1A ). EGFP marked many epicardial-mesothelial cells in control hearts and many cells in the thickened epicardium of LAD-MI or TAB injured hearts ( Figure 1A ). LAD-MI and TAB generated divergent patterns of EGFP staining ( Figure 1A) . EGFP ϩ cells prominently localized to the LAD-MI border zone (BZ), extending to the left ventricular apex ( Figure 1A ). In contrast, EGFP ϩ cells were more diffusely localized in TAB hearts and, surprisingly, even collected on the surface of the right ventricle ( Figure 1A) . Thus, CBF1RE x4 -EGFP ϩ cells distinctly localized to epicardium of control and injury-activated adult TNR mice.
Next, we purified CBF1RE x4 -EGFP ϩ cells from adult TNR hearts by flow cytometry. We dissociated TNR ventricles into single cells, mechanically destroyed cardiomyocytes by trituration and straining, and analyzed the remainder by fluorescenceactivated cell sorting (FACS) for EGFP. For these experiments, we excluded EGFP ϩ endothelial and hematopoietic cell subsets by costaining with phycoerythrin-conjugated CD31 and CD45
Non-standard Abbreviations and Acronyms
CBF1
C-promoter binding factor-1 Figure 1B ). We called these Notch-activated epicardial-derived cells (NECs).
Corresponding to the increased EGFP staining in injured TNR hearts ( Figure 1A ), NEC percentage (measured by
) increased with LAD-MI and TAB ( Figure 1B) . Indeed, by day 7 after injury, the NEC percentage had nearly doubled in LAD-MI and TAB TNR mouse hearts ( Figure 1C) . Moreover, the kinetics of NEC accumulation was distinctive in LAD-MIand TAB-injured mice. NEC percentage rapidly increased following TAB (within 24 hours) but remained steady for 72 hours after acute MI, doubling at some point between days 3 and 7 ( Figure 1C ). We concluded that counting NEC percentage by flow cytometry was a reliable, valid, and sensitive biosensor, directly correlating with the increased number of EGFP ϩ cells observed by immunohistochemistry.
Transcriptome Analysis of Adult Notch-Activated Epicardial-Derived Cells From Injured Hearts
We asked whether NECs are involved in injury repair by evaluating freshly isolated cells from control and LAD-MI or TAB hearts by gene expression microarray. Myocardial injury markedly changed the in vivo gene expression profiles of NECs. Compared to control, NECs from LAD-MI and TAB hearts (at day 7 after injury) both activated a fibrosis repair gene program (gene ontology groups: extracellular matrix, cell proliferation, and cell adhesion) ( Figure 1D ; Online Tables I and II) . We validated this array data by quantitative polymerase chain reaction, confirming upregulation of candidate extracellular matrix genes, collagen-I, elastin, and fibronectin ( Figure 1E ; Online Table II) . Although most of the expression was overlapping, LAD-MI and TAB also generated unique gene expression signatures in NECs ( Figure 1D ). We concluded that LAD-MI and TAB strongly promoted fibroblast differentiation in NECs in vivo.
We also observed downregulation of muscle genes (gene ontology groups: muscle development, cell communication, and cell motility) in NECs from LAD-MI and TAB hearts (at day 7 after injury) ( Figure 1D ; Online Tables I and II) . Reciprocal regulation of fibrosis and muscle genes in injuryactivated NECs is consistent with the propensity of the mammalian heart to repair by fibrosis and not regenerate muscle, suggesting that NECs have an injury-regulated gene/ fate switch.
Phenotypic Characterization of Adult Notch-Activated Epicardial-Derived Primary Cells
We set out to characterize NECs in greater detail by examining gene expression and cell surface marker profiles. We compared NEC gene expression profiles with published microarray results from other mouse heart cell subpopulations. 21, 22 First of all, NECs were not cardiac fibroblasts (Figure 2A ). Whereas embryonic and adult cardiac fibroblasts shared a majority of transcripts with each other (Ϸ70%), Ϸ50% of NEC transcripts were unique and not detected in cardiac fibroblasts (Figure 2A ). 22 We also evaluated NECs by Hoechst dye exclusion FACS assay. Although Ͼ72% of adult TNR heart side population cells were EGFP ϩ , the reciprocal was not true: NECs did not efflux Hoechst dye ( Figure 2B ). Finally, we compared the NEC gene expression profile with published arrays from multipotent stromal cells (MSCs) (previously known as mesenchymal stem cells), and, indeed, NECs shared Ϸ80% transcript identity with MSCs ( Figure 2C ). 21 NECs were a mixed cell population by cell surface marker analysis ( Figure 2D ). Confirming our bioinformatics categorization, Ϸ50% of NECs expressed typical MSCs markers: Sca-1, CD105 (endoglin, a cell surface glycoprotein associated with the TGF␤ receptor complex) and CD44 (a cell surface glycoprotein involved in cell-cell interactions), and Ϸ80% expressed CD73 (an ectoplasmic 5Ј-nucleotidase enzyme) ( Figure 2D ). Very few NECs expressed CD34 (a cell surface glycoprotein that functions in cell-cell adhesion); moreover, c-Kit was undetectable in NECs ( Figure 2D ). We present additional characterization of this unique and complex native cell population in Online Table III. Multiple lines of molecular and genetic evidence established that NECs were derived from the epicardium. First, we confirmed that NECs had an epicardial gene expression signature by transcriptome analysis, detecting Wt1, Tbx18, Mesothelin, and Capsulin (Epicardin/Tcf21) mRNAs in NECs by microarray (Online Table III ). The Capsulin-LacZ knock-in mouse is an established tool for epicardial lineage tagging. 23 We crossbred TNR and Capsulin-LacZ mice and confirmed by immunochemistry and LacZ histochemistry that CBF1RE x4 -EGFP ϩ and Capsulin-LacZ signals colocalized to the same regions of the heart ( Figure 2E ). In particular, the annulus fibrosis, a naturally thickened area of epicardium, was strongly positive for both markers ( Figure  2E ). Thus, we concluded that NECs comprised a small but distinct population of epicardium-derived MSC-like cells, their immediate predecessors (epicardial mesothelial cells), and differentiated progeny, all regulated by Notch activity.
Characterization of Adult Notch-Activated Epicardial-Derived Clones
We developed a stepwise cloning/expansion strategy to obtain NEC lines originating from individual cells (Online Figure II, A and B) ; the efficiency of cloning NEC lines directly from the heart (without preexpanding) was very low (Online Figure II, C) . A constant feature of NEC lines, despite clonality, was morphological heterogeneity, which is a hallmark of multipotent stromal cells maintained in vitro. With routine passage, NECs spontaneously formed neighboring colonies with divergent cell phenotypes, seen by phasecontrast microscopy ( Figure 3A) . We also observed the intrinsic heterogeneity of these cultures by immunocytochemistry for smooth muscle actin and collagen I ( Figure  3B ). In addition to the stepwise cloning strategy (Online Figure I, A and B) , we have cloned lines directly from freshly isolated EGFP ϩ /CD45 Ϫ /CD31 Ϫ cells sorted directly into 96-well plates (Online Figure II, C) . The majority of these cells did not grow under our experimental conditions: using the most stringent criterion of Ͼ20 cells to qualify as a single cell-derived colony at 1 month, we calculated a colonyforming efficiency for freshly isolated NECs of Ͻ5%.
Like primary NECs, clonal lines also had the signature of epicardial lineage. We cloned NEC lines from double reporter TNR/Capsulin-LacZ mice and confirmed they were CapsulinLacZ ϩ and expressed nuclear WT1 and TBX18 protein by immunocytochemistry ( Figure 3C ). Even further, NEC clones expressed multiple epicardial transcripts (Wt1, Tcf21, Aldh1a1, Krt8, Nestin, and Twist1) by RT-PCR ( Figure 3D ).
We also reevaluated clonal NEC lines by flow cytometry using Sca-1, CD73, CD105, CD44, CD34, and CD45 antibodies ( Figure 2E ). As expected, clonally derived NEC populations were now homogeneous, Ϸ100% Sca1-, CD73-, CD105-, and CD44-positive ( Figure 3E ). Clonally derived NEC populations were CD34 ϩ (low) and remained CD45 Ϫ ( Figure 3E ). With this cell surface marker signature (Sca-1 ϩ , CD73 ϩ , CD105 ϩ , CD44 ϩ , CD34 Ϫ , and CD45 Ϫ ), we can identify NEC-like cells from any mouse heart.
Biology of Adult Notch-Activated Epicardial-Derived Cells In Vitro
EMT is a central feature of epicardium-derived cell biology. 24, 25 As noted above, NEC cultures were dynamic and heterogeneous, often demonstrating adjacent epithelial-and mesenchymal-like cell clusters, suggesting local spontaneous EMT ( Figure 3A) and perhaps even the reverse, mesenchymal-epithelial transition. Experimentally, we efficiently drove EMT in NECs by exposing cultures to epidermal growth factor (EGF), which redistributed ␤-catenin, a functional differentiation hallmark of EMT ( Figure 4A ). Although already expressed at baseline in these cultures, epidermal growth factor increased 2 mesenchymal markers, Twist1 and Snai1, and reciprocally decreased Wt1, an epithelial marker, in NECs ( Figure 4B ). We also studied Notch pathway signaling in NECs using the immobilized ligand Delta-like 1. Delta-like 1 triggered epithelial-to-mesenchymal-like morphological changes in NECs shown by phase-contrast microscopy ( Figure 4C ) and also activated downstream Notch target genes (Hes1, Hey1, Jag2, Notch1, and Rpbj/CBF1), as well as Twist1, a marker of EMT ( Figure 4D) . Notably, immobilized Delta-like 1 treatment of NECs induced cardiac gene expression (Actn1, Myom1, and cardiac troponins) ( Figure 4E ). Taken together, these results demonstrated growth factorinduced EMT and confirmed Notch pathway function in NECs, leading to expression of cardiac genes in vitro.
Modest Cardiogenic Potential of NECs
Even if fibrosis repair is the default program, a crucial question remains whether NECs have any potential, if appropriately instructed, to differentiate into cardiomyocytes; if so, future therapeutic strategies might strive to enhance this potential. We have begun to explore this possibility in 2 models: (1) coculture of NECs with primary cells (including cardiomyocytes) from newborn rat hearts (neonatal rat cardiomyocytes [NRCMs]); and (2) direct injection of NECs into immunocompromised mouse ventricular myocardium. To provide a stable immunofluorescence tracer for these experiments, we tagged NECs with a constitutively expressed copepod GFP (copGFP). We cocultured copGFP-NECs with NRCMs for 2 months and then evaluated these mixed cell cultures by immunocytochemistry. The overall morphology of copGFP-NECs/NRCM cocultures was clearly distinct from control NRCM cultures. Most importantly, only copGFP-NECs/NRCM cocultures maintained spontaneous beating and high-level sarcomeric organization of cardiac ␣-actinin; as expected, these features were lost over time in routine NRCM cultures ( Figure 5A ). We concluded that NECs provided essential cues to maintain long-term survival and functional differentiation of NRCMs in coculture. Consistent with this observation, we detected numerous secreted cardiotropic growth factor mRNAs in NECs by microarray (data not shown).
In the reciprocal experiment, cocultures induced cardiac differentiation in copGFP-NECs. We dissociated 2-monthold cocultures and used FACS to reisolate adult mouse copGFP-NECs and verified the postsort purity of this population (Ͼ98%) ( Figure 5B ). We used mouse-specific primers to evaluate NECs for muscle genes. Indeed, cocultured copGFP-NECs increased expression of a number of mouse muscle genes, up to 6-fold, including cardiac actin, ␣-actinin, myomesin-1, and troponin-C ( Figure 5C ). These gene expression results confirmed that NECs had modest cardiogenic potential when cocultured with NRCMs.
Finally, we evaluated the cardiac differentiation potential of copGFP-NECs in vivo by returning them to their native microenvironment. We transplanted copGFP-NECs (100K cells/heart) into the (uninjured) myocardium of NOD-SCID (nonobese diabetic severe combined immunodeficiency) mice, and, after 1 week, harvested recipient hearts and obtained histological sections. We observed numerous colonies of surviving copGFP-NECs ( Figure 5D ). Most remarkably, by double immunohistochemistry, almost all surviving copGFP-NECs expressed ␣-actinin ( Figure 5D ), corroborating the induction of mouse ␣-actinin (Actn2) mRNA observed in copGFP-NEC/NRCM cocultures ( Figure 5C ). We confirmed the specific expression of ␣-actinin in the copGFP cells by confocal microscopy ( Figure 5E ). Together, the NEC coculture and engraftment data provided compelling evidence that these cells have modest but potentially significant cardiac differentiation potential.
Discussion
We have taken a novel approach to exploring the adult mouse heart for resident progenitor-like cells. We set out to define a fluorescent protein-tagged cellular "module" for monitoring the response of the adult mouse heart to pathophysiological stimuli and direct mechanical or ischemic injury. Ideally, this module would allow us to quantitatively measure and qualitatively evaluate the injury repair response of the adult mouse heart at cellular and molecular levels. In future studies, this system will provide an in vivo pharmacological target for evaluating the efficacy of cardiogenic gene-activating, smallmolecule drugs. Importantly, we sought a new approach that would be unbiased with the regard to previously characterized endogenous cardiac stem cells; that being said, any overlap with c-Kit ϩ , Sca-1 ϩ , side population, or other putative adult cardiac stem cells would be welcomed and would validate our new and as yet untested model. We based our strategy on Notch, a signaling pathway fundamentally important for many cardiovascular developmental processes and already shown to play a role in the myocardial injury repair response.
We used transgenic reporter mice (TNR; CBF1RE x4 -EGFP), an indicator strain that monitors downstream transcriptional activity of the Notch pathway, a complex interand intracellular signaling cascade. The TNR model has already been validated in brain, bone marrow, and other tissues. 19, 20 In adult TNR heart, the EGFP signal allowed us to identify, localize, isolate, and characterize a specific subpopulation of resident cells that we further subfractionated by depleting hematopoietic (CD45) and endothelial (CD31) subsets. We called these EGFP ϩ /CD45 Ϫ /CD31 Ϫ cells, Notch-activated epicardial-derived cells (NECs). Cell surface marker analysis revealed that the NEC population was heterogeneous (eg, Ϸ50% Sca1 ϩ ; Figure 2D ). However, transcriptome analysis exposed a dominant profile: matching the NEC gene expression signature to multipotent stromal cells.
Heterogeneity is a hallmark of MSCs, which have a large capacity and aggressive tendency to differentiate. Most importantly, MSCs are tissue repair cells, exactly what we were seeking to find in TNR hearts: a native heart tissue repair module. MSCs already have an established role in heart repair. 26 NECs had 2 unique phenotypic identifiers that distinguished them from generic (typically bone marrow-derived) MSCs: (1) they expressed all known markers of epicardial lineage and localized to epicardium; and (2) they expressed and regulated muscle transcript levels in several contexts. On the one hand, after LAD-MI or TAB injury, muscle transcript levels were downregulated in NECs in vivo (Online Table II ). On the other hand, muscle transcript or protein levels were upregulated in NECs following coculture with NRCMs (Figure 5A through 5C ) or engraftment in NOD-SCID ventricular myocardium ( Figure 5D and E) . Furthermore, in studies to be presented in detail elsewhere, we demonstrated that cardiogenic small-molecules upregulated cardiac muscle genes in NECs, in vitro and in vivo.
The central function of a tissue repair module is a dynamic response to injury, and we confirmed this for NECs in 2 ways. First, LAD-MI and TAB expanded this native cell pool with kinetics appropriate for the type of injury (TAB is an instantaneous mechanical stressor, whereas LAD-MI is a wound-healing process involving an early inflammatory phase) ( Figure 1C ). Ischemia/reperfusion injury and doxorubicin-mediated chemical injury also expanded NECs, whereas, conversely, differentiation-inducing small molecules contracted this cell pool in vivo (data not shown). Secondly, we demonstrated that NECs, which were undifferentiated MSCs in the uninjured heart, were recruited by LAD-MI and TAB into fibrosis repair pathways, demonstrated by coordinated upregulation of a battery of fibrosis genes (Figure 1D and 1E; Online Tables I and II) . Thus, NECs responded to injury with fibrosis, the default repair response of the adult mammalian heart. Our results also show, for the first time, that LAD-MI and TAB activated adult mouse epicardial Notch signaling, organ-wide.
Residing in the connective tissue/mesenchyme of most organs, MSCs repair tissues by secreting trophic growth factors and differentiating into specific lineages, and we confirmed both of these activities for NECs. 27 Paracrine secretion of mitogenic and cardiotropic growth factors is a hallmark of epicardium-derived cells. 28 Indeed, NECs expressed multiple cardiotropic growth factor mRNAs, many at very high levels, including thymosin-␤4, PDGF-␣, TGF-␤3 and -2, BMP-1 and -4, hepatoma-derived growth factor, interleukin-18 and -25, CSF-macrophage, and FGF-7 (data not shown). We confirmed this functionally by showing that NRCMs maintained vigorous spontaneous beating (for several months) only when cocultured with NECs ( Figure 5A and data not shown).
Our results are distinctive and provide additional knowledge to the field. Although our NEC studies partially overlapped with previous work on adult mouse heart Sca1 ϩ / CD31 Ϫ cells, Ϸ50% of our primary cell population was Sca1 Ϫ . 29 Similarly, although a subset of cKit ϩ cells from the newborn heart contained NICD1, 15 we never observed cKit ϩ cells (by flow cytometry) in NEC populations ( Figure 2D ). Our Notch-activity localization data are also very different from previous reports. 17, 18 We are the first to report that Notch-activated cells are focally enriched in the epicardial zone, especially after injury (Figure 1 ). This discrepancy can be explained by differences in experimental technique. All earlier studies localized Notch activity in adult heart using an NICD1 (Notch-1) antibody. 17, 18 However, the CBF1RE x4 -EGFP TNR transgene can be activated by multiple receptor isoforms, and microarray analysis confirmed that Notch-2, not Notch-1, was the predominant receptor isoform transcript in NECs. Thus, invisible in previous NICD1 antibody studies for Notch-1, Notch-2 drives unambiguous epicardial CBF1RE x4 -EGFP activity in TNR mice (Figure 1 ).
Our studies also had several unique technical considerations. First, the EGFP signal in NECs reflects the Notch-activated state, which is complex and dynamic, determined by a balance of positive and negative regulatory factors, and by the in vivo half-life of the EGFP polypeptide. In theory, EGFP can mark the full continuum of cells arising in the epicardial microenvironment: starting from mesothelial cells that delaminate and undergo EMT, giving rise to MSCs capable of differentiating into multiple, possibly all, cardiovascular lineages ( Figure 6 ). Thus, Notch-driven EGFP provides a panoramic view of this tissue repair-module. This model is ideal for using TNR mice to screen for pharmacological agents that redirect this wound-healing process from fibrosis toward muscle-rebuilding regeneration. One additional caveat of our studies is that we have intentionally excluded Notch-activated CD31 ϩ cells. Undoubtedly, these Notch-activated CD31 ϩ cells, which use Notch activity to stabilize arterial endothelial fate and control angiogenesis, will be play a key role in the potential success of regenerative therapies. 30 In summary, we conclude that Notch activity in TNR mice provides a unique, reliable, and versatile cell-based biosensor. Notch-activated EGFP can be used to identify and purify the continuum of mesothelial cells, MSCs, and their immediate progeny, arising in the epicardial microenvironment of the adult mouse heart. This Notch-activated repair module provides a novel experimental system for studying native multipotent stromal cell function and may provide a practical system for evaluating candidate cardio-regenerative drugs. Model of Notch-activated (CBF1RE x4 -EGFP ϩ ) epicardial-mesothelial cell that delaminates into the subepicardial space and undergoes EMT to produce a multipotent stromal cell (MSC) capable of differentiating into fibroblasts (FB), smooth muscle cells (SMC), and other cells, perhaps even cardiomyocytes.
